fetal growth and local estimates of arterial stiffness, such as distensibility and compliance. Such a study could be highly informative, since the arterial tree is not uniform and some beds can be more susceptible to risk factors than others. Moreover, and in the perspective of the current debate on the fetal origins hypothesis, it is interesting to know whether or not adult weight or height have modifying or confounding effects. If so, then it is not birthweight alone which is important, but also adult weight or height.
Therefore, the aims of this study were to investigate whether, in a healthy adult population born at term: (1) birthweight is related to blood pressure, (2) birthweight is related to regional and local (carotid, brachial, and femoral) estimates of arterial stiffness, and (3) whether the association (if any) between birthweight and blood pressure can be explained by an association between birthweight and arterial stiffness.
Methods

Study design and subjects
The population described in this study were all participants of the Amsterdam Growth and Health Longitudinal Study (AGAHLS). This cohort study started in 1976 with a group of 615 healthy boys and girls, with a mean age of 13.1 years. Its main goal was to investigate the natural development of growth, health, fitness, and lifestyle. Earlier performed drop-out analyses showed no selective drop-out with respect to anthropometric measures, fitness, diet, and physical activity, as measured in 1985, when subjects had a mean age of 22 years. 11 More detailed information about the AGAHLS has been described elsewhere. [11] [12] [13] All participants were born between 1961 and 1965 and were residents of The Netherlands. In the year 2000, at a mean age of 36.5 years, 378 subjects visited the Vrije Universiteit for assessment of birthweight, anthropometry, blood pressure, and large artery stiffness properties. Of those, 341 subjects had birthweight data available. Most of these 341 subjects retrieved information about their birthweights from a birth certificate, a birth announcement card, or something similar (195 subjects); others had to retrieve the information from their parents (129 subjects). [14] [15] [16] [17] The remaining 17 subjects did not mention the source of the information and were excluded from the analyses. Another 43 subjects were excluded for analyses: 29 subjects who were born preterm (gestational age Ͻ37 weeks); 11 twins (of whom 4 were also born preterm), and 8 subjects of non-Caucasion ethnicity (of whom 1 was also born preterm). Finally, 281 subjects (161 women) had complete and appropriate data sets on birthweight and the outcome variables measured at a mean age of 36 years. The included and excluded groups did not differ significantly from each other with regard to stiffness measures, blood pressures, height, and weight (data not shown).
All subjects gave informed consent and the Medical Ethical Committee of the Vrije Universiteit Amsterdam approved the protocol.
Data collection
Birthweight
Data on birthweight, gestation, and source of information were retrieved by a questionnaire. As mentioned above, most subjects could retrieve information from written documents, others from their parents memory, which has been proven to be a valid method. 18 Subjects born preterm (gestational age Ͻ37 weeks [29 subjects]) were excluded since being born preterm may have independent effects on adult health or the relationship between birthweight and adult health (for instance blood pressure) might be different in subjects born preterm. 9, 19, 20 Twins were excluded because twins have different fetal growth patterns, which might cause error when analysing the relationship between birthweight and adult blood pressure and arterial stiffness.
Arterial stiffness
Properties of the right common carotid (CCA), brachial (BA), and the common femoral arteries (CFA) were obtained with a BϩM-mode ultrasound scanner equipped with a 7.5 MHz linear array transducer (Pie Medical, Maastricht, The Netherlands). The ultrasound scanner was connected to a personal computer equipped with an acquisition system and a vessel wall movement detector software system (Wall Track System 2, Pie Medical, Maastricht, The Netherlands). This integrated device enables measures of arterial diameter, distension, and pulse wave transit time. 21, 22 All subjects had abstained from smoking and caffeine-containing beverages on the day the measurements were performed. At the time of measurement of arterial properties, subjects had been resting in a supine position for 15 minutes in a quiet, temperature-controlled room.
Local arterial stiffness
The mean diameter (D) and distension (⌬D) of three consecutive measurements on each artery, and the mean local pulse pressure (⌬P) (described below) of three measurements obtained at approximately the moment of those measurements, were used to estimate distensibility and compliance as follows: 23 distensibility
Distensibility is the fractional change in arterial cross-sectional area per unit change in (local) pulse pressure, i.e. it describes the amount of diameter expansion expressed as percentage of the initial diameter of the artery in relation to the force that causes the expansion (transmural pressure). Compliance is defined as the absolute change in cross-sectional area per unit of transmural pressure. Distensibility is therefore a measure of the elastic properties of an artery whereas compliance is a measure of the local vessel capacity to store extra volume (i.e. buffering capacity). 24 
Regional stiffness
While measuring diameter and distension, the time delay between the foot of the distension waveforms and the R-wave of the simultaneously recorded ECG, i.e. the pulse wave transit time (TT), was determined for each artery. Each recording included 3-7 heartbeats and the mean TT of three recordings in each artery where calculated. The carotid pulse wave TT was then subtracted from the femoral pulse wave TT to obtain the carotido-femoral TT. We used this carotido-femoral TT (in ms) as an indicator of regional stiffness. 25 The TT of a pulse wave from the carotid to the femoral artery is negatively related to mean arterial stiffness over this segment and closely related to carotido-femoral PWV, as length of the carotido-femoral segment divided by the segment pulse wave TT. 26 Measurement of this length (usually performed with a tape measurer over the subject's body surface) may introduce error. We therefore used the carotido-femoral transit time adjusted for sitting height in the analyses (and not height, avoiding the error introduced by 'long trunk-short legs' or 'short trunk-long legs' variability among subjects). Due to technical reasons (deficient ECG signalling tracing), data on PWV was available only on 234 subjects (133 women). Subject without this information did not differ significantly from the ones included with regard to birthweight, adult body weight, height, body mass index (BMI), systolic blood pressure (SBP), and diastolic blood pressure (DBP).
Blood pressure
Throughout the entire period of ultrasound imaging, SBP, DBP, and mean blood pressure were assessed (mean is used) in the left arm at 5-minute intervals with an oscillometric device (Colin Press-Mate, model BP 8800, Komaki-City, Japan). Brachial artery pulse pressure was defined as SBP minus DBP, and pulse pressure at the common carotid and femoral arteries was calculated by calibration of the distension waveforms. 27 This method of calibration is based on the observation that mean arterial pressure is constant throughout the large artery tree and that DBP does not change substantially. Distension waveforms were assessed at the target (i.e. the carotid and femoral arteries) and at the reference artery (i.e. the brachial artery). Based on these distension waveforms and on pulse pressure measured at the reference artery, pulse pressure was calculated at each target artery as follows:
[mean arterial pressure -DBP] can be calculated from the area under the pressure curve divided by time, an similarly using the distension waveforms instead. 27 Both inter-observer reliability and intra-observer reliability were good. For instance the reproducibility as assessed by interobserver coefficients were on average: diameter, 2.9% (carotid), 4.6% (brachial), and 2.8% (femoral); and distension, 6.4% (carotid), 27.7% (brachial), and 24.2% (femoral); and carotidofemoral TT 12.3%. 22 Potential covariates/effect modifiers-Adult weight and height Body weight (to the nearest 0.1 kg) and body height (to the nearest 0.001 m) were measured according to standard procedures, 28 with subjects dressed only in underwear.
Statistical analyses
Multiple linear regression analyses were used to assess the relationship between birthweight on the one hand and blood pressure and arterial stiffness estimates on the other. The associations were assessed firstly with adjustment for sex (and mean blood pressure in the case of analyses with stiffness estimates as outcome variables) (model 1), and secondly with additional adjustment for adult weight and/or height. The level of significance for the associations between birthweight and the outcome variables was set at P Ͻ 0.05.
To analyse whether an observed association between birthweight and blood pressure can be explained by an association between birthweight and arterial stiffness, stiffness estimates were added to the models with birthweight and blood pressure.
It was then analysed whether or not sex was an effect modifier in the relationships of interest. When the interaction showed a P-value Ͻ 0.1, results were presented separately for men and woman.
All analyses were carried out with the Statistical package of Social Sciences, version 10.1. for Windows (SPSS, Inc, Chicago, IL).
Results
Characteristics of all subjects (n ϭ 281) are presented in Table  1 . Mean birthweight in men (3.54 kg) was slightly higher than in women (3.42 kg). Mean birthweight of subjects who collected their birthweight from their parents' memory (3.56 Ϯ 0.52 kg, adjusted for sex), was slightly higher than the mean birthweight of subjects who had written documents (3.43 Ϯ 0.48 kg, adjusted for sex). This was most probably due to the tendency to report rounded to higher numbers (e.g. 3.5 kg instead of 3.4 kg) when no written documents were available. Table 2 shows that birthweight was inversely related to both SBP as well as DBP. After adjustment for adult weight (model 2), but not after adjustment for adult height, these associations became stronger and statistically significant. Since total body weight comprises both fat and lean mass, it was further analysed which of these body composition components cause the strengthening of the association between birthweight and blood pressure. In the AGAHLS, data was available on fat mass, lean mass (as estimated by the Durnin and Womersley equations), 29 and body fat distribution (waist-to-hip ratio). For both SBP and DBP, adjusting for fat mass instead of body weight resulted in almost the same effect estimates. The model including lean mass instead of body weight resulted in slightly lower regression coefficients for birthweight. The model including waist-to-hip ratio differed the most from the model including adult height and weight. All results were reported for men and women together, because no interactions were found between birthweight and sex. Table 3 shows that birthweight was significantly and positively associated with carotid compliance, an association that was mainly due to the association of birthweight with the diameter of this artery. However, after adjustment for current weight or height the association decreased and was no longer significant.
Birthweight was positively associated with the diameter of the brachial artery. This association remained significant when adult height was introduced into the model, but not after further adjustment for adult weight.
Birthweight was inversely and significantly associated with the local pulse pressure of the femoral artery. The relationship between birthweight and femoral compliance was borderline significant (P ϭ 0.058), but decreased when height was introduced into the model (model 2).
Birthweight was associated with regional stiffness in a different fashion for men and women (P ϭ 0.021 for interaction between birthweight and sex). For women the association was in a positive direction, while for men the association was equally strong but negative.
Next, analyses were performed to study the mediating effect of all stiffness estimates used in this study on the relationship between birthweight and SBP. Results showed that adding femoral compliance into the model which already included birthweight as a determinant, sex and weight as covariates, and SBP as an outcome, changed the regression coefficient of birthweight from Ϫ3.31 mmHg/kg to Ϫ2.41 mmHg/kg (P ϭ 0.045). Adding carotid or brachial compliance instead of femoral compliance resulted in smaller changes in the regression coefficient (to ␤ ϭ Ϫ2.60 mmHg/kg and ␤ ϭ Ϫ2.83 mmHg/kg respectively). 
Discussion
The purpose of this study was to investigate whether, in a relatively healthy and young population, birthweight was related to adult blood pressure and arterial stiffness indicators, and whether adult weight or height modified or confounded these relationships. We observed that birthweight was indeed negatively associated with both SBP and DBP, which was statistically significant after adjustment for adult weight. The estimates for the effect of birthweight on SBP, whether or not adjusted, were comparable with those in other studies. 1, 2 The present study was the first in which the relationship between birthweight and stiffness indicators in three large arteries (i.e. common carotid, brachial, and femoral artery) was investigated. Birthweight was positively associated with the compliance of all three arteries investigated, but this decreased after adjustment for adult height. That birthweight was associated with compliance but not with distensibility is most probably due to the association between birthweight and diameter (in carotid and brachial arteries). Compliance and distensibility reflect two different arterial properties, elastic and buffering capacities respectively, and these results suggest that birthweight is more related to the size of the arteries and the buffering capacity than to elasticity.
A further essential question was whether or not the association between birthweight and blood pressure could be explained by the relationship between birthweight and arterial stiffness, as Martyn and Greenwald 4 have suggested. Adding carotid or brachial or femoral arterial compliance into the model resulted in a reduction of the regression coefficient for birthweight (from Ϫ3.31 to Ϫ2.60, Ϫ2.83, or Ϫ2.41, respectively), but the regression coefficients were still significant (P Ͻ 0.045). Considering possible inaccuracies in measurement of both birthweight and arterial stiffness, it can still be concluded that arterial stiffness may at most partly explain the relationship between birthweight and systolic blood pressure. Other determinants of blood pressure may therefore play an important role, such as nephron number, kidney function, sympathetic nervous system, and body composition. [30] [31] [32] [33] [34] Adjustment for adult size Adjustments for adult size (i.e. weight, height) are controversial in the analyses of the relationships between birthweight and cardiovascular outcomes. 35, 36 Adult height can be both a confounder or a mediator in the relationship between birthweight and arterial stiffness. Models not adjusted for adult height would give the more correct estimate for the effect of birthweight if we assume that adult height is a mediator Model 1: adjusted for sex; model 2: adjusted for sex and adult height; model 3: adjusted for sex, adult weight, and height. a All models adjusted for mean arterial pressure.
b Models are adjusted for sitting height.
* P Ͻ 0.05; ** P Ͻ 0.01.
(e.g. low birthweight leads to low adult height, which in turn leads to smaller and stiffer arteries). On the other hand, if we assume that height is a confounder, i.e. when birthweight and adult height represent the same identity (e.g. a marker of growth), then the adjusted model will give the most correct estimate for the effect of birthweight. Both possibilities seem plausible, and the 'true' estimate may thus be somewhere between these estimates. Different statistical models were also used to study the relationship between birthweight and adult blood pressure: a crude model and a model adjusted for adult weight. To interpret the results, it is again important to emphasize the assumptions implicit in these models. Similarly to adjusting for adult height, one can assume that adult weight is a mediator or a confounder, or both, in the relationship between birthweight and blood pressure. However, differences in weight can reflect differences in height, as well as differences in body composition not related to height. Thus, weight could reflect both height and body composition, such as fat and muscle mass. To investigate this important issue further, we re-analysed the relationship between birthweight and blood pressure. In a model that already included adult height, we added different components of adult weight (i.e. fat mass, lean mass, waist to hip ratio) in order to investigate which component plays the major role in the relationship. Results showed that adjusting for fat mass was most similar to adjustment for adult weight in the relationship between birthweight and blood pressure. Adjustment for lean mass resulted in a slightly weaker effect of birthweight on SBP and DBP, while adjustment for waist-to-hip ratio instead of adult weight showed the weakest effect of birthweight on blood pressure. These results suggest that fat mass is most responsible for the mediating or confounding effect in the relationship between birthweight and blood pressure. Both a confounding or mediating effect seem plausible, and again, the 'true' value for the effect of birthweight may be somewhere between the two values given by the crude and adjusted models. In the present study the regression coefficients of the associations between birthweight and arterial stiffness decreased after adjustment for adult height. This change was much smaller (although in the opposite direction) than the change of the regression coefficient after adjustment for adult weight in the relationship between birthweight and SBP. The pattern shown in the birthweight-arterial stiffness relationship is different from the usual pattern observed in the associations between birthweight and SBP, 3 but has been seen in associations with other health outcomes. For example, studies on sympathetic activity have shown that the relationship between birthweight and resting heart rate was independent of current size, 33 and that birthweight was related to cardiac sympathetic activation independently of current size. 34 The fact that the association between birthweight and arterial stiffness differs from the association between birthweight and adult blood pressure might suggest different underlying mechanisms.
Sex difference
In the present study, an interaction with sex was found for the relationships between birthweight and TT in the carotido-femoral segment. For men an inverse relationship was found, while for women a positive relationship was found. This difference could not be explained by differences in body size, because this difference was also found after correction for body size. However, in a study of Murray et al. 10 a comparable sex difference was observed. Thus there may be a 'true' sex difference, which implies that regional stiffness is different in this respect from local stiffness (as has been measured in the present study in the carotid and femoral artery). That these associations with regional stiffness are different from the associations with local stiffness is possible, since they represent arterial stiffness in different parts of the body. Furthermore, the human arterial tree is not homogeneous, as the distribution of collagen and elastin differs between arteries. If this interaction is genuine, then this may suggest that increased arterial stiffness (as measured with TT) cannot be the exclusive underlying mechanism in the birthweight-blood pressure relationship, since that relationship is not modified by sex. 37 To our knowledge, no other study has reported results on the relationship between birthweight and compliance separately for men and women, and we cannot exclude that the interaction we observed was a chance finding.
Elastic versus muscular arteries
The relationships between birthweight and compliance and distensibility were assessed in both elastic (CCA) as well as in muscular arteries (BA and CFA). According to the hypothesis postulated by Martyn and Greenwald, 4 it could be expected that effects of fetal growth on the stiffness of an artery should be clearer in elastic arteries, since elastin synthesis is thought to be limited in those with retarded fetal growth or lower birthweight. In support, the association between birthweight and compliance in the elastic carotid artery was somewhat stronger than the association with compliance in the femoral and brachial artery. In the carotid and brachial artery the association was mainly due to the positive association with the diameter (i.e. arterial geometry), while in the femoral artery this was due to the strong negative relationship with local pulse pressure. Increased pulse pressure may result from early wave reflections, which could be caused by changes in small rather than in large arteries. Another factor which influences pulse pressure is stroke volume. Unfortunately, in the AGAHLS population stroke volume was not measured, but heart rate was measured, which could serve as an indicator. Additional analyses showed, however, that birthweight was not related to heart rate (P ϭ 0.245). Thus, from this data it is not clear what caused the relationship between birthweight and pulse pressure in the femoral artery.
Study limitations
The method used in this study to measure birthweight may not be as precise as using birth certificates from hospitals. However, several studies have supported the method of retrospective questionnaires. [14] [15] [16] [17] [18] In The Netherlands it is difficult to retrieve information on birthweight and gestation from hospitals, since most mothers give birth to their babies at home. In the population of the AGAHLS 187 subjects (66.5%) were born at home. In additional analyses we observed that the methods used to retrieve information on birthweight (either written documents or parents' memory) did not affect the associations found (data not shown).
The population of the AGAHLS is a relatively healthy population. Most subjects had normal birthweights. Only a few reported birthweights Յ2.5 kg (7 subjects), which is often considered as low. Therefore, the variation in the main independent variable was relatively small, which may cause difficulties in detecting associations.
Conclusions
Birthweight was significantly and negatively related to SBP, and tended to be positively related to compliance in the carotid, brachial, and femoral arteries. However, the latter finding only partly explained the relationship between birthweight and SBP. Other mechanisms than elastin synthesis may thus explain the birthweight-blood pressure relationship. Furthermore, adjustments for adult weight increased the association between birthweight and blood pressure, and adjustments for adult height decreased the association with arterial compliance, which suggests that adult weight and height are important to take into account when interpreting these relationships.
